Subthalamic neurons drive basal ganglia output neurons in resting animals and relay cortical and thalamic activity to the same output neurons during movement. The first objective of this study was to determine the mechanisms underlying the spontaneous activity of subthalamic neurons in vitro and to gain insight into their resting discharge in vivo. The second objective was to determine the response of subthalamic neurons to depolarizing current injection and how intrinsic properties may shape their response to cortical and thalamic inputs during movement.
Subthalamic neurons drive basal ganglia output neurons in resting animals and relay cortical and thalamic activity to the same output neurons during movement. The first objective of this study was to determine the mechanisms underlying the spontaneous activity of subthalamic neurons in vitro and to gain insight into their resting discharge in vivo. The second objective was to determine the response of subthalamic neurons to depolarizing current injection and how intrinsic properties may shape their response to cortical and thalamic inputs during movement.
Cell-attached and whole-cell recordings were made from subthalamic neurons in brain slices prepared from 3-to 4-week-old rats. The slow, rhythmic discharge of subthalamic neurons was resistant to blockade of excitatory synaptic transmission indicating that intrinsic currents underlie their spontaneous discharge. A persistent sodium current was the source of current during the depolarizing phase of the oscillation. A powerful afterhyperpolarization following each action potential was sufficient to terminate the depolarization. A long duration component of the spike afterhyperpolarization determined the period of the oscillation and was generated by an apaminsensitive calcium-activated potassium current. Calcium entry responsible for that current was associated with action potentials.
Subthalamic neurons exhibited a sigmoidal frequency-current relationship with the steeper portion starting at ϳ30-40 Hz. This property makes subthalamic neurons more sensitive to input at high firing rates associated with movement than at low rates associated with rest. We propose that the subthreshold persistent sodium current overcomes calcium activated potassium current which accumulates during high frequency firing and underlies the enhanced sensitivity to current Ͼ30 Hz.
Key words: basal ganglia; subthalamic nucleus; persistent sodium current; potassium current; calcium current; afterhyperpolarization; spontaneous activity; f-I relationship; spike frequency adaptation Glutamatergic neurons of the subthalamic nucleus have been proposed to act as a major driving force of neuronal activity in the output structures of the basal ganglia (Nakanishi et al., 1987; Smith and Parent, 1988; K ita, 1992, 1993; Rinvik and Ottersen, 1993; Smith et al., 1998) . During periods of quiet wakefulness they may, through their tonic activity, sustain the resting inhibitory output of the basal ganglia by driving the tonic activity of GABAergic basal ganglia output neurons in the internal segment of the globus pallidus and the substantia nigra pars reticulata (DeL ong et al., 1985; DeL ong, 1990; Smith et al., 1998) . The resting activity of basal ganglia output neurons is critical to their f unction, because their other inputs engaged by movement are GABAergic and inhibitory (for references, see Chevalier and Deniau, 1990) . In awake, resting monkeys subthalamic neurons fire at ϳ10 -30 Hz in an irregular manner with a tendency to discharge single spikes or doublets and triplets (DeL ong et al., 1985; Matsumara et al., 1992; Wichmann et al., 1994) . In brain slice preparations they have been reported to discharge repetitively at similar frequencies but in a more regular manner and predominantly in the single spike mode (Yung et al., 1991; Overton and Greenfield, 1995; Beurrier et al., 1999) . These findings therefore suggest that subthalamic neurons may possess intrinsic membrane properties, which generate a spontaneous rhythmic firing pattern in the absence of input, and these properties may partly underlie their function as the tonic excitatory input to basal ganglia structures in resting animals. The importance of continuous repetitive discharge by subthalamic neurons to the behavior of the whole animal is exemplified by the fact that experimental or pathological disruption of continuous repetitive firing is invariably associated with a profound hyperkinetic syndrome (for references see Crossman, 1989; DeLong, 1990) .
Preceding, during, and after limb or eye movements in awake monkeys, subthalamic neurons may discharge bursts of highfrequency spikes (up to several hundred per second), which can last up to several hundred milliseconds (DeLong et al., 1985; Matsumara et al., 1992; Wichmann et al., 1994) . These discharges in turn cause increases in the activity of basal ganglia output neurons leading to increased inhibition of basal ganglia targets (Georgopoulos et al., 1983; Nakanishi et al., 1987; Kita, 1992, 1993; Turner and Anderson, 1997) . It is likely that the monosynaptic cortical and/or thalamic projections to the subthalamic nucleus drive some of the bouts of high-frequency firing during movement, because electrical stimulation of the cortex or thalamus elicits high-frequency firing of subthalamic neurons via glutamatergic neurotransmission acting at AMPA and NMDA receptors (Kitai and Deniau, 1981; Nakanishi et al., 1988; Fujimoto and Kita, 1993; Mouroux and Feger, 1993; Bevan et al., 1995; Mouroux et al., 1995; Clarke and Bolam, 1998) . Activation of the indirect pathway, which inhibits the external segment of the globus pallidus, may also lead to net excitation of subthalamic neurons during movement via a disinhibitory mechanism (Fujimoto and K ita, 1993; Maurice et al., 1998; Smith et al., 1998) . According to a current model of basal ganglia f unction, the high-frequency discharge of subthalamic neurons during movement is likely to suppress nonselected motor programs or terminate sequences of motor behavior (DeL ong, 1990) .
Thus subthalamic neurons perform a dual f unction in the operation of the basal ganglia: they discharge continuously and repetitively at low frequencies, and then during movement, presumably in response to synaptic input, they fire repetitively at much higher frequencies. The first objective of this paper was to determine the nature of the membrane potential oscillation that underlies the spontaneous discharge of the subthalamic neuron. The second objective was to study the response of subthalamic neurons to the injection of depolarizing current and thereby gain insight into their response to excitatory synaptic input.
MATERIALS AND METHODS
Slice preparation. Standard techniques were used for the preparation of brain slices for recording. Briefly, Sprague Dawley rats of either sex aged 14 -27 d were deeply anesthetized with ketamine-xylazine and perf used transcardially with 10 -20 ml of ice-cold modified artificial C SF (AC SF), which had been bubbled with 95% O 2 and 5% C O 2 and contained (in mM): sucrose, 230; KC l, 2.5; Na 2 HPO 4 , 1.25; C aC l 2 , 0.5, MgSO 4 , 10; and glucose, 10. The brain was rapidly removed, blocked in either the coronal or sagittal plane, glued to the stage of a Vibroslicer (World Precision Instruments, Sarasota, FL), and immersed in ice-cold modified AC SF. Slices containing the subthalamus were cut at a thickness of 300 m and then transferred to a holding chamber where they were submerged in AC SF, which was continuously bubbled with 95% O 2 and 5% C O 2 and maintained at room temperature (25-30°C) and contained (in mM): NaC l, 126; KC l, 2.5; Na 2 HPO 4 , 1.25; C aC l 2 , 2; MgSO 4 , 2; and glucose, 10. Slices were held in this chamber for at least 1 hr before recording.
V isualized recording. Individual slices were transferred to the recording chamber and were continuously perf used (2-3 ml /min) with oxygenated AC SF at room temperature or 35°C. A 40ϫ water-immersion objective (Axioskop; Z eiss, Oberkochen, Germany) was used to examine the slice using standard infrared differential interference contrast video microscopy (Stuart et al., 1993) . Somatic recordings were made using patch pipettes prepared from thin-wall borosilicate glass (Warner Instrument Co., Hamden, C T) on a P-87 Flaming / Brown electrode puller (Sutter Instrument Co., Novaton, CA). Pipettes were filled with a solution containing (in mM): K-MeSO 4 , 119; KC l, 12; MgC l 2 ⅐6H 2 O, 1; CaCl 2 ⅐2H 2 0, 0.1; H EPES, 10; EGTA, 1; Na 2 GTP, 0.4; Mg, 1.5; ATP, 2; and biocytin, 5. The pH and osmolarity of the intracellular solution were 7.3 and 290 -300 mOsm, respectively. The resistance of the filled pipettes ranged from 3 to 7 M⍀, and the junction potential was 5 mV. Junction potential was estimated by comparing the potential obtained in slice media with that in the electrode filling solution. Voltage errors attributable to series resistance and junction potential were subtracted off-line. Fast capacitative transients of the pipette were nulled, but there was no compensation of series resistance or whole-cell capacitance. Recordings were made in the cell-attached and whole-cell configurations using an Axopatch 200A or Axopatch 200B amplifier (Axon Instruments, Foster C ity, CA) in current-clamp, fast current-clamp, and voltage-clamp modes. Signals were filtered at 2-5 kHz and digitized at 2.5-20 kHz using a Digidata 1200 digitizer and pC lamp 6.0 software. (Axon Instruments).
Drugs. Drugs were bath-applied at the following concentrations: 100 nM apamin (Research Biochemicals, Natick, M A), 50 M (ϩ)-2-amino-5-phosphonopentanoic acid (APV) (Research Biochemicals), 400 M CdCl 2 (Sigma, St L ouis, MO), 3-5 mM C sC l (Sigma), 20 M 6, 7-dinitroquinoxaline-2,3-dione (DNQX) (Research Biochemicals), and 100 M NiC l 2 (Sigma).
Histochemical processing of filled cells. At the end of recording, slices were fixed by immersion in 2.5% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, and were then processed after resectioning to 70 m or as whole mounts, using standard histochemical techniques (Horikawa and Armstrong, 1988) . The biocytin-containing neurons were post-fixed with osmium, dehydrated, mounted on slides, and examined by light microscopy. Only neurons that were located within the subthalamic nucleus were analyzed f urther (an example is shown in Fig. 1 E) .
Data anal ysis. Data were analyzed using Axograph 3.0 (Axon instruments), Kaleidagraph 3.08 (Synergy, Reading, PA), Statview 5.0 (SAS, C ary, NC), and Origin 5.0 (Microcal, Northampton, M A). Descriptive statistics refer to the mean Ϯ SD. Statistical comparisons were made using the Mann -Whitney U test. Significance values of p Ͻ 0.05 were considered significant.
RESULTS

Subthalamic neurons are spontaneously active
Subthalamic neurons exhibited slow and highly regular spontaneous activity in slices taken from the entire range of ages and under all other conditions tested. In a representative sample of 57 neurons, 42 (74%) fired spontaneously. Some neurons ceased firing spontaneously over the course of several minutes of recording but could be induced to fire again by passage of small (10 -100 pA) depolarizing currents. Spontaneous firing was robust in the neurons exhibiting the largest and briefest action potentials, showing the least change in membrane potential and input resistance over time, and capable of sustaining the highest rates of firing in response to current injection. Nonetheless, to determine whether spontaneous firing might somehow arise from damage caused by membrane rupture and intracellular dialysis associated with whole-cell recordings, spontaneous firing was assessed in 25 neurons recorded in the cell-attached mode before membrane rupture and compared with that seen afterward. All of these cells were spontaneously active and showed similar firing rates and patterns before and after establishment of whole-cell recording. An example is shown in Figure 1 , A and B. A comparison of spontaneous firing at 25 and 35°C showed that the average frequency of spontaneous firing was approximately twice as fast at the higher temperature (6.5 Ϯ 2.0 Hz at 35°C, 3.6 Ϯ 1.0 Hz at 25°C; n ϭ 10 at each temperature). Temperature had no effect on the periodicity of the spontaneous firing, which was assessed using the coefficient of variation (CV; 0.11 Ϯ 0.4 at 35°C, 0.12 Ϯ 0.06 at 25°C). These observations indicate that the pattern and rate of spontaneous firing seen in subthalamic neurons in whole-cell recordings is not an artifact of damage attributable to whole-cell recording. Spontaneous firing was also not dependent on the age of the animals from which slices were obtained. The subsequent results were obtained from animals between 18 and 27 d, and there were no differences observed within that age range. The subsequent experiments were conducted at 25°C.
The possibility that excitatory synaptic transmitter release acting within the slice might be responsible for spontaneous firing was examined by bath application of a combination of APV (50 M) and DNQX (20 M) to block excitatory amino acid neurotransmission. Five neurons studied before and after application of the glutamate antagonists showed no decrease in spontaneous firing (control, 2.5 Ϯ 0.7 Hz; APV and DNQX, 3.0 Ϯ 0.6 Hz). This treatment also had no effect on the periodicity of firing in these neurons (CV: control, 0.14 ϩ 0.11; APV and DNQX, 0.12 ϩ 0.08; Fig. 1C ,D).
Sodium currents are essential for the oscillation
In many neurons, slow spontaneous rhythmic firing like that of subthalamic neurons is driven by a subthreshold oscillation that does not depend on fast TTX-sensitive sodium action currents. In these neurons, hyperpolarization of the cell may not produce a continuous decrease in firing frequency but instead, near the threshold for action potential generation, a subthreshold oscilla-tion may be revealed on cycles in which no action potential occurs. In this case, the oscillation may alternate cycles, firing action potentials on one cycle and missing on others. Subthalamic neurons were examined for this mode of firing by gradually increasing their average membrane potentials with hyperpolarizing constant current. In the 10 neurons examined, firing remained rhythmic and decreased continuously in rate, with the cells firing at rates Ͻ0.5 Hz before ceasing rhythmic spontaneous activity entirely. Subthreshold oscillations were never seen throughout the process and were not present on the membrane potential after firing stopped. An example is shown in Figure 2 A-C. Similarly, the rhythmic variations in membrane potential depended absolutely on the integrity of TTX-sensitive sodium current. Bath application of TTX (1 M) in six neurons abolished spontaneous firing, leaving the neurons with stable resting membrane potentials with no sign of oscillation ( Fig. 2 D-F) . Each neuron maintained membrane potentials within the range normally associated with rhythmic firing. Depolarization of these neurons to potentials within or beyond the level at which the spontaneous oscillations occurred never produced any subthreshold oscillation. Likewise, membrane potential oscillations could not be induced by release from long periods of artificial hyperpolarization.
Hyperpolarization-activated sag current is not essential
Subthalamic neurons showed a prominent slow hyperpolarizationactivated cation current that acts as a time-dependent inward rectifier at very negative membrane potentials (Fig. 3A) . This current has been found important in spontaneous oscillations of thalamic and other neurons and so was examined for a possible role in the spontaneous rhythmic activity of subthalamic cells. In 10 neurons tested, application of currents that hyperpolarized the membrane to Ϫ75 mV or beyond was accompanied by clear sag in the response as expected for the hyperpolarization-activated current (Fig. 3A) . This sag was blocked in a dose-dependent manner by addition of 1-5 mM cesium to the bath (Fig. 3B) . Similarly, voltage steps from Ϫ55 mV to Ϫ75 mV and more negative potentials evoked a gradually increasing inward current in voltage-clamp experiments, which was likewise blocked in a dosedependent manner by cesium (n ϭ 5; data not shown). Given that the peak amplitude of the afterhyperpolarization of 10 spontaneously firing neurons recorded using the fast current-clamp mode of the Axopatch 200B was Ϫ65.7 Ϯ 4.0 mV and the voltage sensitivity of the hyperpolarization-activated current, it is likely that this current is active in a voltage range more negative than that involved in the cycle of spontaneous firing. This expectation was supported by the absence of an effect of cesium (3-5 mM) on the spontaneous firing patterns of the cells (Fig. 3C,D) . In eight neurons with an average spontaneous firing rate of 2.6 Ϯ 1.1 Hz and average interspike interval C V of 0.17 Ϯ 0.11, the average firing rate was unchanged at 2.6 Ϯ 2.2, and the average CV was 0.18 Ϯ 0.12 after treatment with cesium.
The oscillatory mechanism requires an apaminsensitive calcium-dependent potassium current
The large spike afterhyperpolarization, which limits firing to one action potential on each cycle of the oscillation, suggests the action of a powerful calcium-dependent potassium current. A general test for the involvement of calcium entry during spontaneous activity was performed in six neurons using blockade of high-voltage-activated (HVA) calcium currents with bath application of cadmium (400 M). In all cases, spike afterhyperpolarization was drastically reduced in depth and duration, and rhythmic spontaneous firing was disrupted. In two cells, cadmium treatment abolished spontaneous firing, and the cells established a stable resting potential within the range associated with rhythmic firing. In these cells, spiking could be restored by passage of small depolarizing currents. However, such firing was not rhythmic at rates comparable with that seen to occur spontaneously. Rhythmic firing in these cells could only be induced by depolarizations that produced higher-frequency (Ն5 Hz) firing. In the other neurons, spontaneous firing remained, increasing in rate in three cells and decreasing in one. In all of the cases in which spontaneous firing continued, there was a dramatic reduction in the regularity of firing, with CV of interspike intervals increasing from 2.4-to 6.9-fold over that seen before cadmium treatment. In two cases, the CV increased to be Ͼ1, indicating a dramatic irregularity of spontaneous firing. Both the loss of rhythmicity in the spontaneous firing and the reduction in the spike afterhyperpolarization are illustrated in the example in Figure 4 , A and B.
Because calcium entry may promote spike afterhyperpolarization by a variety of means, we tested the effect of apamin (100 nM), a specific antagonist of the small-conductance calciumdependent potassium channel (SK C a ), in five neurons and compared its effects with those of cadmium. Apamin treatment, like blockade of calcium currents, produced a disruption of spike afterhyperpolarization and rhythmic spontaneous firing. Although all the cells treated with apamin continued to fire spontaneously, the periodicity of the firing was dramatically reduced in four of five cells, as indicated by an increase in CV from 1.7-to 11-fold. In the other neuron, the firing rate increased dramatically, and the cell continued to fire rhythmically at the higher firing rate. As with cadmium, apamin disrupted rhythmic firing only at low rates of activity comparable with those seen spontaneously. Rhythmic firing was still observed at higher (Ն5 Hz) firing rates. An example showing the effect of apamin treatment on spike afterhyperpolarization and on spontaneous firing is shown in Figure 4 , C and D.
The depolarizing phase is caused by a persistent sodium current
These experiments suggest that the slow spontaneous rhythmic firing of subthalamic neurons is generated by the depolarizing effect of a sodium current active at the equilibrium point of the membrane in the resting range and the powerful calciumdependent potassium currents that are elicited by the single action potential that occurs at the peak of the depolarizing phase of the oscillation. This view is consistent with the absence of persistent depolarizing potentials in the resting voltage range recorded at the end of 500 msec current steps in TTX-treated neurons (Fig. 5A ). The sodium current responsible for the depolarizing phase of the oscillation is unlikely to be rapidly inactivating, because of the long-duration of the ramp and its ability to sustain rhythmic firing at very low rates. This view of the oscillation predicts that in the absence of spike-generated potassium Hyperpolarization-activated sag current was not critical to the spontaneous oscillation. A subthalamic neuron responded to the injection of Ϫ60 pA for 500 msec with a characteristic sag in membrane potential, which was attributable to the activation of hyperpolarization-activated sag current ( A). In the presence of 3 mM cesium hyperpolarization-activated sag current was blocked ( B). Despite the specific block of hyperpolarization-activated sag current, the spontaneous firing of the neuron in 3 mM cesium ( D) was similar to that observed in control AC SF ( C). Voltage, time, and current calibrations in A also apply to B. Voltage and time calibrations in C also apply to D. currents, the whole neuron I-V curve would exhibit a net negative slope conductance over the voltage range seen during depolarizing phase of the oscillation (Ϫ60 to Ϫ45 mV), and the negative slope conductance should be abolished by TTX application. We tested this hypothesis in five neurons recorded in voltage-clamp mode using 1 sec voltage steps from Ϫ65 mV to potentials ranging from Ϫ90 to Ϫ25 mV. Series resistance in these recordings ranged from 7 to 20 M⍀ and was not compensated electrically at the time of the experiment. Because the currents were small (Ͻ250 pA), the resulting voltage error was always Ͻ5 mV and was Ͻ2.5 mV over the voltage range associated with the oscillation. Current was measured at the end of a 1 sec pulse, at which time most of the transients had settled. The results of these experiments are shown in Figure 5B -D. In control media, cells showed no zero current point in the subthreshold range, and the entire voltage range associated with the depolarizing phase of the oscillation (Ϫ60 to Ϫ45 mV) fell within the range of negative slope conductance. Treatment with TTX abolished this range. The voltage sensitivity of TTX-sensitive inward current responsible for the negative slope conductance was estimated by subtracting the I-V curve obtained after TTX from the control curve. The difference current for the entire sample is shown in Figure 5D . The current activated between Ϫ60 and Ϫ45 mV and decreased in amplitude beyond Ϫ45 mV. At Ϫ25 mV, well short of the reversal potential for sodium, it appears to be entirely gone. Although this may suggest that the negative slope region in the steady-state I-V curve is attributable to a window current, this apparent reduction in the TTX-sensitive current may also result from outward currents generated by potassium channels in poorly controlled regions of the dendrites. Dendritic sodium currents activated by the voltage pulses could produce larger depolarizations in poorly controlled parts of the dendrites than are achieved in the soma. These could contribute to the inward current seen in the soma. Likewise, potassium currents in the dendrites may act to counteract the inward currents seen at the soma. We attempted to block such dendritic potassium currents by application of TEA (5 mM) and repeated the voltage-clamp experiments. When potassium channels were blocked, voltage steps beyond Ϫ45 mV produced uncontrolled spiking, presumably in the dendrites. For steps to Ϫ45 mV and more negative, the results were similar to those in control media (Fig. 5 E, F ) . Thus, it cannot be determined from the I-V curve shown in Figure 5D whether the steady-state sodium conductance responsible for the negative slope region is inactivating beyond Ϫ45 mV or whether the apparent decrease in current is attributable to recruitment of dendritic potassium currents superimposed on a noninactivating sodium current.
Calcium currents are activated primarily by action potentials
Although the negative slope conductance region and spontaneous membrane potential oscillation did not survive treatment with TTX, it is possible that a TTX-insensitive calcium conductance contributes to the inward currents during the oscillation but is not sufficient to maintain them by itself. The presence of such a conductance was tested by comparing the steady-state current in the presence of TTX and TEA before and after the addition of cadmium (400 M) to block calcium currents (Fig. 5G,H ) . The results of this are shown for the entire sample (n ϭ 5) in Figure  5H . Addition of cadmium blocked a constant small inward current (ϳ10 pA on average) that was present even at very hyperpolarized potentials. In addition, there was a larger but more variable inward current that was activated in the membrane potential range associated with the oscillations. This cadmium-sensitive inward current peaked above threshold and was much smaller and more variable than the sodium current. Thus there is a steadystate calcium current contributing to the depolarization phase of the oscillation but small in comparison with the sodium current.
A possible role for inactivating low-voltage-activated (LVA) calcium current, which would not be evident in our steady-state I-V curves, was tested by examination of the voltage-clamp records used to generate Figure 5C -H. These showed no prominent inactivating calcium current (either cadmium-sensitive or -insensitive) associated with steps from Ϫ65 to Ϫ45 mV (the relevant range for the oscillations). Such inactivating inward calcium currents were seen when voltage steps to Ϫ55 mV were made from Ϫ70 mV (Ϫ19.8 Ϯ 26.8 pA; n ϭ 5) and peaked when voltage steps were made from Ϫ95 mV (Ϫ161. 2 Ϯ 81.3 pA; n ϭ 5). Likewise, in current-clamp experiments, a rebound depolarizing potential was only observed with release of currents that held the membrane below approximately Ϫ70 mV (n ϭ 10).
Finally, in five neurons tested with 100 M nickel (which is an antagonist of LVA calcium currents in many cells), rebound responses from release of strong hyperpolarizations were clearly Figure 4 . High-voltage-activated calcium currents activated potassium currents that underlie the slow single-spike afterhyperpolarization of the spontaneous oscillation. The rhythmic, spontaneous firing of subthalamic neurons (A, C) was disrupted by the application of H VA calcium current blocker (400 m cadmium; B) or SK Ca current blocker (100 nM apamin; D). High-voltage-activated and SK Ca current blockade disrupted rhythmic firing by abolishing the slow single-spike afterhyperpolarization, which was activated within a few milliseconds of spike repolarization and lasted for tens or hundreds of milliseconds before the depolarizing ramp current was activated. Voltage and time calibrations in A apply to the respective parts of B and C. Figure 5 . A persistent sodium current was responsible for the depolarizing phase of the spontaneous oscillation. A, Steady-state I-V plot of eight subthalamic neurons recorded in current clamp in the presence of the sodium channel blocker TTX revealed no depolarizing potential in the subthreshold range of the oscillation. Inward and outward rectification were apparent at hyperpolarized and depolarized potentials, respectively. Voltage-clamp recordings were used to examine persistent currents that might underlie the depolarizing phase of the oscillation. B, A persistent TTX-sensitive current was elicited by a 1 sec step from Ϫ65 to Ϫ45 mV. C, Steady-state I-V plot of currents elicited from the same neuron in B at the end of 1 sec steps from holding of Ϫ65 mV. Note that in control media an inward current was activated in the voltage range associated with the depolarizing phase of the spontaneous oscillation. The inward current was abolished in TTX. The TTX-sensitive sodium current (current in control media Ϫ current in TTX) shows similar voltage dependency and magnitude to the inward current observed in control media. D, The I-V plot of the persistent sodium current recorded from a population of five neurons using the same protocol exhibited a similar voltage dependence to the current in C. E-H, I-V plots of currents elicited at the end of 1 sec steps from holding potential of Ϫ55 mV from a representative neuron (E, G) and from a sample of five neurons (F, H ). Steps were made in the presence of TEA, TEA, and TTX and TEA, TTX, and cadmium. Sodium (TTX-sensitive) current was obtained by subtraction of currents in TEA and TTX from currents in TEA. High-voltage-activated calcium (cadmium-sensitive) current was obtained by subtraction of currents in TEA and TTX from TEA, TTX, and cadmium. Note that the persistent sodium current is activated in the subthreshold range of the oscillation (E, F ), whereas persistent calcium currents are smaller and less reliable in the subthreshold range (G-H ).
reduced, but spontaneous rhythmic single spiking was not significantly altered in frequency or rhythmicity. Mean firing rate before and after nickel treatment ranged from 1.7 to 3.5 Hz (mean, 2.5; SD, 0.72) and from 1.7 to 4.8 Hz (mean, 3.4; SD, 1.3), respectively. The C V for interspike intervals was not altered by nickel treatment (control mean, 0.09 Ϯ 0.04; nickel mean, 0.10 Ϯ 0.03). Thus the disruption of the oscillation seen after cadmium treatment is attributable almost entirely to the reduction in calcium-dependent potassium currents in the spike afterhyperpolarization, but the calcium entry is primarily triggered by the spike rather than the depolarizing ramp of the oscillation.
Driven firing pattern of subthalamic neurons
Although their spontaneous rhythmic firing was slow, subthalamic neurons were capable of firing at rates as high as several hundred hertz in response to synaptic input or current injections (Fig. 6) . The relationship between the mechanism of the slow spontaneous rhythmic firing and the high-frequency firing during imposed depolarizations was studied using the response to current injections of 500 msec duration during whole-cell recording.
The response of subthalamic neurons to current injections is illustrated in Figure 6 . The driven activity of the neurons showed a very wide dynamic range, achieving firing rates as high as 300 -500 Hz, and continued to increase their firing rates with currents as high as 1000 pA. Despite the passage of such large currents, the membrane potential between action potentials traversed approximately the same voltage range seen during spontaneous firing. At very high currents, repetitive firing failed when the membrane potential failed to repolarize back into the negative slope conductance region of the membrane potential and was replaced by a constant depolarized plateau. The frequencycurrent ( f-I ) curve was sigmoidal in shape, with small increments in frequency achieved with incremental increases in current up to a firing rate of about ϳHz, after which the frequency increased much more rapidly with increases in current (the gradient of the f-I relationship of the secondary range was ϳ1.9 Ϯ 0.4-fold greater than that of the primary range; n ϭ 22). Near the maximal firing rate the slope of the f-I curve was again reduced (tertiary range). E xcept at the lowest firing rates, subthalamic neurons showed an initial increase in firing rate over the first few action potentials during driven repetitive firing (Fig. 6 ). This initial increase in firing rate was followed by a relatively small but very reliable spike frequency adaptation (Fig. 6) . Application of cadmium (400 M; n ϭ 5) to the bath increased the minimum rate of repetitive firing, and increased the slope of the primary f-I curve (2.4 Ϯ 2.1-fold; n ϭ 3) or abolished it completely (n ϭ 2) (Fig.  6C ). Application of apamin (100 nM; n ϭ 5) had similar effects. It increased the minimum rate of repetitive firing, and increased the slope of the primary f-I curve (1.5 Ϯ 0.3-fold; n ϭ 3) or abolished it completely (n ϭ 2). The current required to obtain firing at the maximal rate was reduced (Fig. 6 D) . In summary, after apamin or cadmium treatment, the sigmoidal shape of the f-I curve was lost and was replaced by an initially linear relationship with a slope resembling the highest slope region of the sigmoidal curve.
The sigmoidal shape of the f-I relationship could arise from either the activation of an inward current during high-frequency firing or saturation of calcium-or sodium-dependent potassium current that limits firing rate at low current levels. To test for saturation of the calcium-dependent potassium current, we measured the duration of the afterhyperpolarization following a 500 msec period of high-frequency firing evoked by current pulses in four spontaneously firing neurons. The duration of the afterhyperpolarization was estimated from the latency to the first spontaneous action potential after the termination of the current pulse. The results are shown for a representative neuron in Figure  7 . Afterhyperpolarization increased smoothly with firing rate during the pulse, with no indication of any reduction in the accumulation of afterhyperpolarization associated with the onset of the high slope region near firing rates of 35 Hz. Even at the highest rates tested, afterhyperpolarization continued to increase with increases in the firing rate during the pulse. These results indicate saturation of the calcium-or sodium-dependent potassium current could not explain the sigmoidal shape of the f-I curve.
DISCUSSION
Slow rhythmic firing is the resting state of subthalamic neurons
In slices, subthalamic neurons exhibited slow rhythmic firing that was not disrupted by blockade of fast excitatory amino acid neurotransmitter receptors. This observation rules out recurrent excitatory connections within the subthalamic nucleus, although such connections have been demonstrated (Hammond and Yelnik, 1983; Kita et al., 1983) , or action potential-independent synaptic activity at glutamatergic intrinsic or afferent synapses as an explanation for the observed patterns of activity. Moreover, analysis of the intrinsic properties showed that the cells exhibit a negative slope conductance over the membrane potential range associated with rest and have no stable resting membrane potential subthreshold for action potential generation. Spontaneous oscillation was observed in animals over a range of ages between postnatal weeks 3 and 4 and is consistent with the activity reported for subthalamic neurons in adult animals (DeLong et al., 1985; Yung et al., 1991; Matsumara et al., 1992; Fujimoto and Kita, 1993; Wichmann et al., 1994; Overton and Greenfield, 1995) , although it has not previously been shown to be independent of synaptic input. We conclude that in the absence of input, the neurons are engaged in a stable oscillation, and synaptic inputs to the subthalamic neurons interact with this rhythm to generate the output of the nucleus Stevens, 1967, 1968; Hausser and Clark, 1997; Bennett and Wilson, 1998) . Conceptualization of synaptic integration in these neurons based on linear or nearly linear summation of synaptic potentials is not likely to yield accurate results.
Mechanisms underlying the subthalamic neuron oscillation
The cycle of the resting oscillation of subthalamic neurons consisted of single action potential, followed immediately by a powerful and long-duration afterhyperpolarization, and a subsequent slow-ramp depolarization that led to firing of a single spike.
The occurrence of only one action potential on each cycle and the immediate and powerful spike afterhyperpolarization suggested that the oscillation depended critically on the occurrence of full action potentials. Inhibition of action potential generation by injection of hyperpolarizing current or TTX treatment unconditionally abolished the slow rhythmic membrane potential oscillations, indicating that voltage-dependent sodium currents were essential to the oscillatory mechanism. Thus, subthalamic neurons do not belong to the class of neurons that support stable rhythmic oscillatory activity based on inward subthreshold calcium currents (e.g., Shepard and Bunney, 1991; Kang and Kitai, 1993) . The low frequency of the oscillation suggests that the depolarizing phase of the oscillation is not caused by rapidly inactivating currents. Hyperpolarization-activated cationic current and LVA calcium currents were not important in determining the rate or rhythmicity of spontaneous firing, apparently because their voltage ranges of activation and recovery from inactivation, respectively, were not traversed during this activity. However, the depolarizing phase of the oscillation was abolished by TTX treatment, and both current-and voltage-clamp recordings in the presence of TTX did not reveal an inward current (or a slowly inactivating outward current) that could account for the depolarizing phase. Steady-state I-V curves generated in control media using whole-cell voltage clamp revealed a negative slope conductance in the subthreshold voltage range, which was abolished by the application of TTX. This regenerative process is Figure 6 . Subthalamic neurons fired rhythmically with minimal spike frequency adaptation in response to current injection and exhibited a sigmoidal f-I relationship. A, Example of driven rhythmic firing by a subthalamic neuron. B, The same neuron displayed a sigmoidal f-I relationship. Note the transition to secondary range firing occurred at ϳ35 Hz. Subthalamic neurons exhibited a rapid speed-up in instantaneous firing frequency in the first few intervals of a driven spike train in the secondary and tertiary ranges. From the point of maximal firing frequency a small spike frequency adaptation developed slowly. C, D, Calcium-activated potassium current limited excitability of subthalamic neurons during high-frequency firing. Suppression of calcium-activated potassium currents with cadmium ( C) or apamin ( D) shifted the f-I relationship to the left and disrupted low-frequency firing associated with the primary range. Speed-up and spike frequency adaptation within driven trains of spikes were present when calcium and SK Ca currents were blocked. sufficient for generation of the ramp depolarization and is caused by the activation of a persistent TTX-sensitive inward current. The characteristics of the channels responsible for this current cannot be determined from our experiments (but for some possibilities see Stafstrom et al., 1982 Stafstrom et al., , 1985 Alzheimer et al., 1993; Crill, 1996; Bean, 1997, 1999; Cummins et al., 1998; Kay et al., 1998; Parri and Crunelli, 1998) . Its apparent steady-state voltage sensitivity was suggestive of a window current, but this could not be relied on because of almost certain contamination by voltage-sensitive potassium currents and possibly also uncontrolled inward currents in the dendrites (White et al., 1995) .
Whereas calcium currents were not necessary or sufficient for generation of the depolarizing phase of the action potential, they were essential for the hyperpolarizing phase of the oscillation.
Low-frequency rhythmic firing was abolished by HVA calcium current blockade with cadmium. Cadmium, which at micromolar concentration acts as a broad-spectrum HVA calcium channel blocker, disrupted rhythmic spontaneous activity by altering the afterhyperpolarization that followed each action potential. The interspike interval in control media was characterized by a fast afterhyperpolarization, followed by a much longer-lasting one, which primarily determined the period of the oscillation. In cadmium, the slower afterhyperpolarization was abolished with little or no effect on the faster one. Blockade of SK C a current with apamin disrupted spontaneous activity in a manner similar to the blockade of HVA calcium current by abolishing the slow component of the single spike afterhyperpolarization. The effects of cadmium and apamin on the spike afterhyperpolarization were the same for all cells, but some cells quit firing spontaneously, whereas some fired faster. In all cells, the minimum firing rate for spontaneous activity was increased. These results are all consistent with a reduction in spike afterhyperpolarization. When the strength and duration of the afterhyperpolarization is reduced, cells must either increase firing rate to remain above the minimum rate at which spontaneous rhythmic activity is supported by the shorter afterhyperpolarization or must quit firing rhythmically. If the net effect of all other currents places the cell well within the range of the persistent sodium current, it should speed up to maintain rhythmic firing. If not, the cell should find a stable resting membrane potential below the threshold for the sodium current. In either case, rhythmic activity was not observed at the low rates normally seen spontaneously. The slow component of the single-spike afterhyperpolarization in subthalamic neurons was similar in duration and apamin sensitivity to the medium afterhyperpolarization observed in cortical pyramidal cells and elsewhere (Blatz and Magleby, 1987; Schwindt et al., 1988a; Sanchez and Ribas, 1991; Lorenzon and Foehring, 1992; Pineda et al., 1992 Pineda et al., , 1998 Sah, 1992 Sah, , 1996 Sah and McLachlan, 1992; Viana et al., 1993; Zhang and McBain, 1995; Gorelova and Reiner, 1996; Marrion and Tavalin, 1998; Vergara et al., 1998) . Several studies suggest that the medium afterhyperpolarization is activated within 1-5 msec of the action potential and decays with a time constant of a few hundred milliseconds. These voltageindependent SK C a channels are sensitive to nanomolar concentrations of intracellular calcium and have therefore been proposed to set the overall level of neuronal excitability by sensing average free intracellular calcium concentration (Blatz and Magleby, 1987; Sah, 1996; Vergara et al., 1998) . I-V plots in the presence of TTX revealed no depolarizing potential in the pacemaker voltage range, and whole-cell steady-state HVA current was barely apparent at subthreshold voltages. These data indicate that the major calcium flux during spontaneous firing occurs during the action potential and that its major contribution is the activation of the slow component of the single-spike afterhyperpolarization. This interpretation is consistent with the observation that subthalamic neurons cannot support subthreshold oscillations. A similar role for HVA calcium current in spontaneous firing has been described in other neurons (Paton et al., 1991; Pennartz et al., 1997; Raman and Bean, 1999) .
Subthalamic neurons have a sigmoidal f-I relationship
Plots of steady-state firing frequency against magnitude of injected current revealed that subthalamic neurons possess a sigmoidal f-I relationship consisting of a low-sensitivity primary range up to ϳ40 Hz, a more sensitive secondary range, and a tertiary range in which firing level saturates. Sigmoidal f-I rela- Figure 7 . Saturation of afterhyperpolarization did not account for the sigmoidal f-I relationship of subthalamic neurons because afterhyperpolarization accumulated during high-frequency firing. A, B, Representative example of a spontaneously firing subthalamic neuron, which was injected with an increasing magnitude of current. Note that the time to the resumption of spontaneous firing, a measure of afterhyperpolarization, increased as both elicited firing frequency and driving current increased. tionships have also been described in spinal motoneurons (Kernell and Sjoholm, 1973; Schwindt, 1973; Schwindt and Calvin, 1973; Mauritz et al., 1974; Heyer and L linas, 1977; Schwindt and Crill, 1977 , 1980 . The majority of central neurons possess just two ranges: a linear primary range and a secondary range associated with the saturation of firing (MacGregor and Sharpless, 1973; Schwartzkroin, 1978; Stafstrom et al., 1984) . Blockade of HVA calcium currents and calcium-activated potassium shifted the f-I relationship to the left, consistent with the view that at high frequencies, SK C a current contributes to the overall level of excitability (Blatz and Magleby, 1987; Schwindt et al., 1988a; Sanchez and Ribas, 1991; L orenzon and Foehring, 1992; Pineda et al., 1992 Pineda et al., , 1998 Sah, 1992 Sah, , 1996 Sah and McLachlan, 1992; Viana et al., 1993; Z hang and McBain, 1995; Gorelova and Reiner, 1996; Marrion and Tavalin, 1998; Vergara et al., 1998) . The slow afterhyperpolarization that follows a driven train of spikes was found to accumulate smoothly in the primary and secondary ranges, suggesting that the transition to secondary range firing cannot be accounted for by the saturation of calciumor sodium-activated potassium currents, which have also been demonstrated to limit excitability for long periods in many other neurons (Schwindt et al., 1988a (Schwindt et al., ,b, 1989 Foehring et al., 1989; Lorenzon and Foehring, 1992; Sah, 1993 Sah, , 1996 Greffath et al., 1998; K im and McCormick, 1998; Pineda et al., 1998; Tanabe et al., 1998; Vergara et al., 1998) . Because the average of the membrane potential trajectory during high-frequency firing moves more deeply into the negative slope region of the steadystate I-V curve, we suggest that the persistent sodium current is responsible for the enhanced sensitivity in the secondary firing range. This explanation is similar to one used to account for the secondary range of spinal motorneurons and was based on studies of membrane potential trajectory between spikes, modeling studies, and the demonstration of a persistent inward current that was increasingly activated at voltages associated with secondary range firing (Kernell and Sjoholm, 1973; MacGregor and Sharpless, 1973; Schwindt, 1973; Schwindt and C alvin, 1973; Mauritz et al., 1974; Heyer and L linas, 1977; Schwindt and Crill, 1977 , 1980 C alvin, 1978) . This explanation may also account for the speed-up of firing seen at the onset of high-frequency trains in subthalamic neurons. Over the first few cycles of high-frequency firing, the average membrane potential consistently increased, which may produce a greater sustained contribution of sodium current. An alternative possibility is a persistent H VA calcium current, which is not coupled to the medium afterhyperpolarization or slow afterhyperpolarization and is recruited as membrane potential increasingly traverses suprathreshold levels during highfrequency activity (Schwindt and Crill, 1977, 1982; Viana et al., 1993; Beurrier et al., 1999) . Our experiments failed to reveal calcium currents activated over the subthreshold range of membrane potentials, but currents activated during the action potentials could contribute to depolarization in the interspike interval if not matched by increased afterhyperpolarization.
Functional implications
Subthalamic neurons drive the inhibitory output of the basal ganglia in resting animals, and interruption of subthalamic activity and therefore basal ganglia output generates uncontrolled involuntary movement (DeL ong et al., 1985; Nakanishi et al., 1987; Smith and Parent, 1988; Crossman, 1989; Chevalier and Deniau, 1990; DeL ong, 1990; K ita, 1992, 1993; Matsumara et al., 1992; Rinvik and Ottersen, 1993; Wichmann et al., 1994; Smith et al., 1998) . Our findings indicate that subthalamic neurons possess the intrinsic ability to fire rhythmically in the absence of synaptic input, and can perform their function of providing a background excitatory tone to basal ganglia structures in the absence of any specific drive. In response to cortical excitation and/or disinhibition via the globus pallidus, subthalamic neurons also produce transient bursts of driven firing that contribute to the basal ganglia activity that occurs during movement (Kitai and Deniau, 1981; DeLong et al., 1985; Nakanishi et al., 1987 Nakanishi et al., , 1988 Smith and Parent, 1988; DeLong, 1990; Kita, 1992, 1993; Matsumara et al., 1992; Mouroux and Feger, 1993; Rinvik and Ottersen, 1993; Wichmann et al., 1994; Bevan et al., 1995; Mouroux et al., 1995; Clarke and Bolam, 1998; Maurice et al., 1998; Smith et al., 1998) . The sigmoidal inputoutput curve of subthalamic neurons makes them relatively insensitive to small changes in input near their resting oscillation but very sensitive to changes in input during high-frequency driven responses. Similar input-output relationships have been described for spinal motoneurons which operate in a similar manner during rest and movement (Kernell and Sjoholm, 1973; Schwindt, 1973; Schwindt and Calvin, 1973; Mauritz et al., 1974; Heyer and Llinas, 1977; Schwindt and Crill, 1977 , 1980 . Subthalamic neurons also possess the ability to fire with little spike frequency adaptation for several hundred milliseconds despite the activation of potassium currents that limit spontaneous activity for long periods after current injection. The prolonged action of calcium-dependent potassium currents after activation of the neurons may also have implications for the mechanism of the therapeutic effect of high-frequency subthalamic stimulation in Parkinson's disease (Benazzouz et al., 1993 (Benazzouz et al., , 1996 Limousin et al., 1995; Gao et al., 1998) . The beneficial effects of highfrequency stimulation have been attributed to potential depolarization block of these neurons. However, their ability to fire at very high frequencies in response to intracellular current suggests that they are unlikely to show a substantial depolarization block in the frequency range generally shown to have a therapeutic effect (100 -1000 Hz; 60 sec duration). Our results suggest that the decreased firing of subthalamic neurons seen with this stimulation is attributable to decreased spontaneous firing between episodes of stimulation, caused by accumulation of calcium and calcium-dependent potassium current.
